Exosomes are 30-100 nm-sized membranous vesicles, secreted from a variety of cell types into their surrounding extracellular space. Various exosome components including lipids, proteins, and nucleic acids are transferred to recipient cells and affect their function and activity. Numerous studies have showed that tumor cell-derived exosomes play important roles in tumor growth and progression. However, the effect of exosomes released from oral squamous cell carcinoma (OSCC) into the tumor microenvironment remains unclear. In the present study, we isolated exosomes from OSCC cells and investigated the influence of OSCC cell-derived exosomes on the tumor cell behavior associated with tumor development. We demonstrated that OSCC cell-derived exosomes were taken up by OSCC cells themselves and significantly promoted proliferation, migration, and invasion through the activation of the PI3K/Akt, MAPK/ERK, and JNK-1/2 pathways in vitro. These effects of OSCC cell-derived exosomes were obviously attenuated by treatment with PI3K, ERK-1/2, and JNK-1/2 pharmacological inhibitors. Furthermore, the growth rate of tumor xenografts implanted into nude mice was promoted by treatment with OSCC cell-derived exosomes. The uptake of exosomes by OSCC cells and subsequent tumor progression was abrogated in the presence of heparin. Taken together, these data suggest that OSCC cell-derived exosomes might be a novel therapeutic target and the use of heparin to inhibit the uptake of OSCC-derived exosomes by OSCC cells may be useful for treatment.
Introduction
Oral cancer accounts for 2%-3% of all human malignancies and is trending upward yearly [1] . Regardless of recent advancements in many therapeutic strategies, oral cancer remains associated with recurrence and deterioration. Oral squamous cell carcinoma (OSCC) accounts for approximately 90% of cancer types. Thus, the performance of treatments for oral cancer needs to be improved. for 30 min to remove cells and cell debris. Next, we added the reagent to the supernatants and the mixture was refrigerated overnight. The mixture was then centrifuged at 10,000 × g for 60 min and the supernatants were removed. The exosome pellet was re-suspended in phosphate buffered saline (PBS) and the protein concentration was determined using a BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA). LY294002, PD98059, and SP600125 were supplied by Calbiochem (La Jolla, CA, USA). Heparin was obtained from Nacalai Tesque (Kyoto, Japan). Treatment details are provided in the Figure Legends.
Transmission electron microscopy
Purified exosomes were fixed with paraformaldehyde to copper mesh Formvar grids (ProSciTech, Townsville, QLD, Australia) and immunolabeled with a mouse monoclonal anti-human CD9 antibody (BD Biosciences, San Jose, CA, USA) and a gold-labeled (10 nm) goat antimouse IgG secondary antibody (Sigma-Aldrich, St. Louis, MO, USA). Grids were incubated in 1% glutaraldehyde in PBS (pH 7.4) and negatively stained by 0.5% uranyl acetate. Samples were observed using the JEOL JEM-1400 Plus Transmission Electron Microscope (JEOL, Japan)
Exosome labeling and cellular uptake
Purified exosomes were labeled with PKH26 (Sigma-Aldrich), according to the manufacturer's protocol with minor modifications. Briefly, 1 μL of PKH26 was added to 100 μg of OSCCderived exosome pellets in a total volume of 400 μL Diluent C and incubated for 5 min at room temperature. The labeling reaction was stopped by adding an equal volume of 1% BSA. Labeled exosomes were ultra-centrifuged at 10,000 × g for 60 min at 4°C. The supernatant was then removed and the pellet was re-suspended in 20 μL PBS. OSCC cells (1 × 10 4 cells/well) were cultured in Nunc Lab Tek 8-well chamber slides (Thermo Fisher Scientific, Waltham, MA, USA) for 24 h and pretreated with or without 10 μg/mL heparin for 1 h. Cells were then incubated with 100 μg PKH26-labeled exosomes in the presence or absence of 10 μg/mL heparin for 1, 4, 8, and 16 h at 37°C with 5% CO 2 . After incubation, cells were washed twice with PBS and fixed with 200 μL Fixing Solution (Cell Biolabs, San Diego, CA, USA) for 10 min at room temperature. The cells were washed twice with PBS, 200 μL of DAPI solution were added (Cell Biolabs), and the cells were incubated for 15 min at room temperature. Cellular uptake of OSCC-derived exosomes was observed under a confocal laser microscope.
Cell proliferation assay (MTT assay and CyQUANT cell proliferation assay)
Cell proliferation was estimated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) colorimetric assay and CyQUANT Cell Proliferation Assay (invitrogen). About MTT assay, cells (3 × 10 3 cells/well) were cultured in a 96-well microplate in the presence or absence of OSCC-derived exosomes. After each treatment, the cells were washed with 200 μL of PBS and incubated with 5 mg/mL MTT solution (Sigma-Aldrich) at 37°C for 4 h. The supernatants were then removed and the formazan crystals in each well were solubilized by the addition of 200 μL of dimethyl sulfoxide for 30 min. The colored formazan product was measured using a plate reader at a wavelength of 570 nm. About CyQUANT cell proliferation assay, cells (3 × 10 3 cells/well) were cultured in a 96-well microplate in the presence or absence of OSCC-derived exosomes. The 2× detection reagent was prepared according to the manufacturer's protocol. After each treatment, 100 μL of CyQUANT Cell Proliferation Assay reagent was added to each well. After incubation for 30 minutes at 37°C, fluorescence was measured (excitation 485 nm, emission 538 nm) using a plate reader. Experiments were repeated three times in triplicate for each experiment.
Wound healing assay
Wound healing assays were performed using CytoSelect™ 24-Well Wound Healing Assay (Cell Biolabs). Briefly, OSCC cells were seeded in a 24-well plate containing proprietary treated plastic inserts at 2.5 × 10 4 cells/well and cultured for 24 h. The inserts were then removed and cells were cultured with serum-free DMEM in the presence or absence of OSCC cells-derived exosomes for 10 h. After staining the cells with Cell Stain Solution for 15 min, we measured the percentage of closure of the wound field by light microscopy. Experiments were repeated three times in triplicate for each experiment.
Invasion assay
The cell invasive potential was examined using a BioCoat Matrigel Invasion Chamber kit (BD Biosciences) and the invasive activity was determined according to the manufacturer's instructions. Briefly, 7. 
Proteome profiler array
To identify exosome-activated signal transduction molecules, we used the Proteome Profiler™ Human Phospho-Kinase Array Kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. OSCC cells were seeded in a 10 cm dish at 8 × 10 5 cells and cultured in the presence or absence of 100 μg exosomes for 24 h. The cells were pelleted and lysed in lysis buffer. The densitometric analysis of the arrays was performed using the TotalLab TL100 software (Nonlinear Dynamics Ltd, Newcastle upon Tyne, UK).
Protein extraction and western blot analysis
OSCC cells or OSCC cell-derived exosomes were lysed in RIPA buffer [27] . Protein concentrations were determined using a BCA protein assay kit. Extracted proteins (50 μg/lane) were separated by SDS-polyacrylamide gel electrophoresis and transferred onto an Immobilon-P membrane (Immobilon, Millipore Corporation, Bedford, MA, USA). Blocking was performed in Tris-buffered saline containing 5% (w/v) skim milk powder and 0.1% (v/v) Tween-20. The membranes were probed with antibodies (Abs) against CD9, CD63, Cytochrome C, Annexin II (BD Biosciences), Calnexin (EMD Millipore, Temecula, CA, USA), Rab5B, total Akt, total p44/ p42 MAPKs, total JNK, β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phosphorylated (Ser473) Akt (pAkt), phosphorylated (Thr202/Tyr204) p44/p42 MAPK (pERK), and phosphorylated JNK (pJNK). The detection was performed using an ECL system (Amersham, Piscataway, NJ, USA).
Xenograft tumor model
OSC-4 cells (2 × 10 5 /0.05 mL) with or without OSC-4-derived exosomes were subcutaneously injected into the backs of 5-week-old BALB/c nude mice (Japan Clea, Osaka, Japan). To examine the effects of heparin, mice were surgically implanted subcutaneously in the intrascapular area with mini-osmotic pumps (Alzet, Cupertino, CA, USA) filled under sterile conditions, in accordance with the manufacturer's instructions, with either 200 μL of 10 μg/mL heparin or isotonic saline. Pumps had a mean flow rate of 0.25 μL/h. Tumor size was measured with calipers and the volume was calculated as follows: (length × width 2 ) × 0.5 every 3 days [28, 29] .
Mice were euthanized on day 27. All experimental procedures performed on mice were approved by the Institutional Animal Care and Use Committee of Kochi Medical School. (Permission number of this experiment: I-00021).
Statistical analysis
Results are expressed as the mean ± SD. Differences were compared using Mann-Whitney's Utest, and p-values less than 0.05 were considered statistically significant.
Results

Isolation and characterization of OSCC cell-derived exosomes
To characterize OSCC cell-derived exosomes, we used transmission electron microscopy. Purified exosomes from OSC-3 and OSC-4 cells presented a round-shaped vesicular membrane structure. They were 30-100 nm in a diameter and positively immunolabeled with CD9-specific gold particle-conjugated antibodies ( Fig 1A) . In addition, western blot analysis demonstrated that tetraspanins CD9 and CD63, Rab5B, and Annexin II which are used markers for exosomes, were expressed on OSC-3 and OSC-4 cell-derived exosomes. On the other hands, we did not detect the expression of Calnexin or Cytochrome C in the exosome preparation ( Fig 1B) .
OSCC cell-derived exosomes are taken up by the host cells
To study the uptake of isolated exosomes, we treated OSCC cell-derived exosomes with PKH26, a fluorescent dye with long aliphatic tails that are incorporated into the lipid membrane of exosome vesicles [30] . OSC-4 cells were incubated with PKH26-labeled OSC-4-derived exosomes for 4 h. We observed the presence of PKH26-positive granules in the cytoplasm of OSC-4 cells by confocal laser microscopy, suggesting that OSCC cells secrete exosomes and uptake their own exosomes (Fig 2) .
OSCC cell-derived exosomes promote tumor cell proliferation, migration, and invasion
To determine the autocrine or paracrine effects of OSCC cell-derived exosomes in vitro, we determined the effects of OSCC cell-derived exosomes on OSCC cell behavior. Exosomes derived from OSC-3 and OSC-4 cells promoted the proliferation of each OSCC cell line in a dose-dependent manner (Fig 3A and S1 Fig) . Furthermore, the effect of OSCC cell-derived exosomes on cell migration was examined using a wound healing assay. Exosomes derived from OSC-3 and OSC-4 cells also promoted the migration of each OSCC cell line in a dosedependent manner. Treatment of the cells with 50 μg exosomes induced approximately 90% closure of the wound field (Fig 3B) . In addition, the effect of the exosomes on invasion was evaluated by using an invasion chamber assay. As the concentration of exosomes increased, the invasion of OSC-3 and OSC-4 cells was significantly promoted (Fig 3C) . Therefore, OSCC cells may promote their own progression through the secretion and uptake of OSCC cell-derived exosomes. To investigate OSCC cell-derived exosome-activated signal transduction, we compared the relative phosphorylation levels of protein kinases in exosome-treated OSCC cells. As shown in Fig 4A, an increase in the phosphorylation of p-38α, ERK1/2, JNK1/2, GSK-3α/β, and Akt was observed in OSC-3 and OSC-4 cells treated with each OSCC cell-derived exosomes for 1 h. In OSC-3 cells, exosomes rapidly induced the phosphorylation of p-38α (2.63 fold), ERK1/2 (2.26 fold), JNK1/2 (1.61 fold), GSK-3α/β (1.53 fold), and Akt (1.67 fold). In OSC-4 cells, exosomes also induced the phosphorylation of p-38α (2.85 fold), ERK1/2 (2.67 fold), JNK1/2 (2.04 fold), GSK-3α/β (1.68 fold), and Akt (1.54 fold). Next, we examined the time course of exosomeinduced phosphorylation levels of these signaling proteins by western blot analysis. In both OSC-3 and OSC-4 cells, hyper-phosphorylation of ERK and JNK induced by exosomes lasted 16 h. However, the phosphorylation of Akt was obvious after 10 min and 1 h in OSC-3 cells; in OSC-4 cells, it was upregulated within 10 min and maintained for 16 h (Fig 4B) .
To ascertain the involvement of the Akt, ERK, and JNK signaling pathways in OSCC cellderived exosome-induced promotion of proliferation, migration, and invasion, we used LY294002, PD98059, and SP600125, inhibitors of the Akt, ERK, and JNK pathways, respectively. Exosome-induced cell proliferation was partially inhibited by the treatment with these kinase inhibitors (Fig 5A and S2 Fig) . These inhibitors did not affect the proliferation of control cells. In addition, the effects of OSCC cell-derived exosomes on migration and invasion were partially abolished by the addition of these inhibitors (Fig 5B and 5C ). These results suggest that OSCC cell-derived exosomes promote tumor cell proliferation, migration, and invasion of OSCC cells through activation of the Akt, ERK, and JNK signaling pathways.
OSCC cell-derived exosomes promote tumor growth in vivo
To further assess the role of OSCC cell-derived exosomes in tumor growth in vivo, we established a tumor mouse model using 5-week-old BALB/c mice by subcutaneously injecting OSC-4 cells alone or OSC-4 cells with OSC-4 cell-derived exosomes (100 μg and 200 μg, respectively) into the animal back. In the exosome co-implantation group, tumor growth was significantly promoted in a dose-dependent manner (Fig 6A and 6B) . Tumor weight was also measured after euthanasia. There were significant differences in tumor weight between the exosome coimplantation group and control group (Fig 6C) , suggesting that OSCC cell-derived exosomes effectively promote tumor growth in vivo.
Exosome uptake by OSCC cells can be blocked by treatment with heparin
OSCC cells promote tumor progression through the secretion and uptake of their own exosomes. Thus, we then focused on the inhibition of the exosome uptake into tumor cells themselves as one strategy for cancer treatment, targeting tumor cell-derived exosomes. Exosomes interact with and are taken up by cells in many ways, including receptor-mediated endocytosis, phagocytosis, macropinocytosis, and direct fusion with the plasma membrane [31] . Cancer cell exosomes are internalized and taken up depending on the presence of cell-surface heparin sulfate proteoglycans (HSPGs) and heparin is a competitive inhibitor of cell surface receptors dependent on HSPG coreceptors [25, 32] . Thus, we investigated whether the exosome uptake by OSCC cells could be inhibited by heparin. We pretreated OSC-4 cells with 10 μg/mL heparin for 1 h and then cultured these cells in the presence of exosomes for each indicated time. The results show that the uptake of exosomes by OSC-4 cells was suppressed by pretreatment with heparin for up to 4 h. The suppressive effect of heparin was abolished at 8 and 16 h (Fig 7) .
Heparin inhibits OSCC cell-derived exosomes-induced tumor progression
Heparin treatment effectively inhibited the uptake of OSCC derived-exosomes by OSCC cells, but the effect was transient. Next, we compared the effects of single and multiple heparin treatments on tumor progression. The uptake of exosomes by OSC-4 cells was not suppressed by single heparin administration. On the other hands, the suppressive effect of heparin was observed by multiple treatments (Fig 8A) . Single heparin administration did not influence the proliferation, migration, and invasion of OSCC cells regardless of the presence or absence of exosomes. However, multiple heparin treatments significantly inhibited the proliferation, migration, and invasion induced by OSCC cell-derived exosomes (Fig 8B, 8C and 8D ). Finally, we examined the effects of heparin on exosome-induced tumor growth in vivo. The tumor growth in the exosome co-implantation group was significantly inhibited by continuous delivery of heparin by an osmotic pump (Fig 9) . These results suggest that continuous administration of heparin is needed to inhibit tumor progression induced by OSCC cell-derived exosomes.
Discussion
Cell-cell communication is crucial for the regulation of various biological phenomena in multicellular organisms, including development and homeostasis. Especially, interactions among tumor cells in the tumor microenvironment are essential for tumor cell growth, invasion, drug resistance, and metastasis [33] . Therefore, understanding these cell-cell interactions is important for the exploration of new cancer therapies. Tumor cells secrete several molecules that contribute to cancer development, including hormones, growth factors, cytokines, and Oral SCC Cell-Derived Exosomes and Heparin chemokines. Thus, some molecular targeted therapies have been developed and applied clinically [34] [35] [36] . However, important factors involved in these complex interactions have not been completely identified [37] . It recently became clear that exosomes released from different cell types act as mediators of cell-cell communication. In the present study, we investigated effects of OSCC cell-derived exosomes on the malignant potential of tumor cells. Exosomes isolated and purified from the supernatant of OSC-3 and -4 cells showed similar morphological features to those from other sources and expressed certain exosome marker proteins such as CD9 and CD63 [38] . We demonstrated that OSC-3 and -4 cell-derived exosomes facilitated the proliferation, migration, and invasion of OSC-3 and -4 cells from which they originated in a dose-dependent manner. These results coincide with previous studies reporting that breast, gastric, and bladder cancer cell-derived exosomes induced the progression of their parental cells in vitro [39] [40] [41] . Thus, OSCC cell-derived exosomes may exhibit crucial tumor growthpromoting effects involved in cancer progression in an autocrine or paracrine fashion. Oral SCC Cell-Derived Exosomes and Heparin Next, we examined the molecular signaling activated by exosomes in OSCC cells. PI3K/Akt and MAPK/ERK signaling pathways are involved in the survival of a wide range of cell types. Gastric and bladder cancer cell-derived exosomes promoted tumor cell proliferation through the activation of PI3K/Akt and MAPK/ERK signaling pathways [39, 41] . In this study, we revealed that OSCC cell-derived exosomes also activated the phosphorylation of p-38α, ERK1/ 2, JNK1/2, GSK-3α/β, and Akt and that pharmacological inhibitors of PI3K (LY294002), ERK-1/2 (PD98059), and JNK-1/2 (SP600125) abolished the tumor-promoting effects induced by OSCC cell-derived exosomes. The results showed that the activation of Akt, ERK, and JNK signaling pathways was essential for the exosome-induced effects. In other words, exosomes have emerged as novel subcellular transduction materials for signal pathways, such as PI3K associated pathway, and regulated malignant transformation of recipient cells. OSCC cells may acquire more malignant characteristics through exogenous OSCC cells-derived exosomesinduced activation of PI3K/Akt signaling pathways, since this signaling pathways are associated with cellular transformation, tumorigenesis, cancer progression, and drug resistance through the regulation of oncogene and gate keeper tumor suppressor gene expression (c-Myc, p53, p27 Kip1 , and p21 cip1/WAF1 ). It has been reported that PI3K/Akt signaling is hyperactivated in human cancers including OSCC [42] . During oral carcinogenesis, it is speculated that exosomes secreted by the initial small number of malignant transformed oral keratinocytes are incorporated by the cell of origin or surrounding cells and promote cancer progression through PI3K signaling regulated-acceleration of DNA damage/mutation or loss of caretaking/nuclear stability [43] . Because the functional effects of exosomes mostly rely on internalization and subsequent release of the exosome content in recipient cells, the elucidation and targeting of exosome uptake mechanisms remain an important challenge. Experimentally supported hypotheses include receptor-ligand interaction, fusion with the plasma membrane, and internalization of the exosomes by the recipient cells via endocytosis [30] . Recently, the small GTPase Rab27a and a syndecan-syntenin-ALIX-mediated pathway were reported to regulate exosomal biogenesis and secretion [21, 44, 45] . Furthermore, Christianson et al. demonstrated that HSPGs, a family of proteins substituted with glycosaminoglycan polysaccharides, function as receptors of cancer cell-derived exosomes, and the uptake was inhibited by heparin in human glioblastoma cells [25] . Franzen et al. also reported that exosome uptake by recipient cells was dependent on the dose of exosomes and treatment time, which can be partially blocked by heparin treatment in bladder cancer cells [32] . In our study, similar to these reports, heparin effectively inhibited the uptake of OSC-4 cell-derived exosomes by OSC-4 cells and their subsequent effects such as promotion of cell proliferation, migration, and invasion. Heparan sulfate binding proteins include cell surface proteins, extracellular matrix proteins, growth factors, cytokines, chemokines, enzymes, and enzyme inhibitors. There is some documentation about the expression of syndecan-1 in OSCC, seems to be associated with the differentiation status of the tumor cells [46] . Although the cargo of OSCC-derived exosomes is not certain, these exosomes may be incorporated through the interaction between heparan sulfate binding proteins on exosomal membrane molecules such as EGFR and HSPG such as syndecan-1 expressed in OSCC cell surface. Our data indicated that the HSPG dependent entry pathway is essential for the biological activity of OSCC cell-derived exosomes and the blockage by heparin can be a therapeutic approach for OSCC treatment.
Heparin is commonly used for the prevention or treatment of venous thromboembolism in cancer patients. In addition to its antithrombotic activity, cancer patients treated with heparin showed an improved survival in a number of retrospective and prospective studies [47, 48] . Heparin functions as anti-tumor agent through inhibition of the expression of proto-oncogenes such as c-fos and c-myc and inhibition of selectin and integrin functions [49] . In our model, heparin alone did not present anti-tumor effects. The blockage of exosome uptake by heparin was transient and a sustained treatment was necessary to inhibit the exosome uptake by OSC-4 cells. This phenomenon may be caused by heparanase, a heparin-degrading enzyme. In fact, heparanase mRNA and protein expression was observed in OSCC [50] . Moreover, several investigators reported that heparanase activity was high in tumor cells and involved in cancer metastasis and angiogenesis [51] . Therefore, the continuous application of heparin may be necessary to block the tumor-promoting effects induced by OSCC-derived exosomes. In addition, we speculate that heparin can inhibit the malignant transformation of OSCC cells induced by large amounts of exogenous exosomes, but under steady state conditions, other pathways, such as fusion with the plasma membrane, or macropinocytosis may be important for uptake of exosomes in OSCC cells.
In summary, the present study demonstrated that OSCC cells promote tumor progression through the secretion and uptake of their own exosomes. The uptake of exosomes by OSCC cells and subsequent tumor progression was abrogated in the presence of heparin. However, further clinical evaluation and analysis of primary OSCC and /or local and distant extension of clinical OSCC growth needs to be undertaken. 
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